Ca 2ϩ transporters. One of the major players in the regulation of intracellular Ca 2ϩ ([Ca 2ϩ ] i ) homeostasis in neurons is the sodium/ calcium exchanger (NCX), which represents the principal mechanism of Ca 2ϩ clearance in the synaptic sites of hippocampal neurons. Because NCX3, one of the three brain isoforms of the NCX family, is highly expressed in the hippocampal subfields involved in LTP, we hypothesized that it might represent a potential candidate for LTP modulation. To test this hypothesis, we first examined the effect of ncx3 gene ablation on NCX currents (I NCX ) and Ca 2ϩ homeostasis in hippocampal neurons. ncx3 Ϫ/Ϫ neurons displayed a reduced I NCX , a higher basal level of [Ca 2ϩ ] i , and a significantly delayed clearance of [Ca 2ϩ ] i following depolarization. Furthermore, measurement of field EPSPs, recorded from the CA1 area, revealed that ncx3 Ϫ/Ϫ mice had an impaired basal synaptic transmission. Moreover, hippocampal slices from ncx3 Ϫ/Ϫ mice exhibited a worsening in LTP compared with congenic ncx3 ϩ/ϩ . Consistently, immunohistochemical and immunoblot analysis indicated that in the hippocampus of ncx3 Ϫ/Ϫ mice both Ca 2ϩ /calmodulin-dependent protein kinase II␣ (CaMKII␣) expression and the phosphoCaMKII␣/CaMKII␣ ratio were significantly reduced compared with ncx3 ϩ/ϩ . Interestingly, ncx3 Ϫ/Ϫ mice displayed a reduced spatial learning and memory performance, as revealed by the novel object recognition, Barnes maze, and context-dependent fear conditioning assays. Collectively, our findings demonstrate that the deletion of the ncx3 gene in mice has detrimental consequences on basal synaptic transmission, LTP regulation, spatial learning, and memory performance.
Introduction
Excitatory synapses in the brain show several forms of synaptic plasticity, including long-term potentiation (LTP) and long-term depression (LTD), that depend on the regulation of many signaling pathways. LTP mainly relies on the coordinated regulation of an ensemble of proteins related to Ca 2ϩ homeostasis, including Ca 2ϩ /calmodulin-dependent protein kinase II␣ (CaMKII␣), adenylyl cyclase 1 and 8, calcineurin, and Ca 2ϩ channels and transporters. The CA1 region of the hippocampus is the prototypical site of mammalian LTP studies. In particular, LTP at the hippocampal Schaffer collateral-CA1 synapse level is initiated by increases in intracellular Ca 2ϩ ([Ca 2ϩ ] i ) generated by N-methyl-D-aspartate receptor and voltage-sensitive Ca 2ϩ channel activation. One of the major players in the regulation of [Ca 2ϩ ] i homeostasis is the sodium/calcium exchanger (NCX), which represents the principal mechanism of Ca 2ϩ clearance at the synaptic site of hippocampal neurons (Reuter and Porzig, 1995) . NCX comprises three isoforms, NCX1, NCX2, and NCX3, highly expressed in the brain (Quednau et al., 1997; Papa et al., 2003) and involved in several pathophysiological conditions Boscia et al., 2006; Secondo et al., 2007) . In particular, high levels of mRNA and protein encoded by the three NCX genes are present in the granule cell layer of the dentate gyrus as well as in the pyramidal cells of the CA1 and CA3 subfields (Papa et al., 2003; Annunziato et al., 2004) . These regions are involved in LTP at hippocampal Schaffer collateral synapses (Skeberdis et al., 2006) . Interestingly, in the oriens and radiatum layers of the CA1 area, immunostaining for NCX3 is more intense than that for NCX1 and NCX2. In the CA3 area, NCX1 and NCX3 immunoreactivity of mossy fibers projecting from the granule cells located in the dentate gyrus is much more intense than that of NCX2. Thus, given the particular distribution of NCX3 in the hippocampus, we evaluated whether: (1) a change in [Ca 2ϩ ] i homeostasis occurs in ncx3 Ϫ/Ϫ hippocampal neurons; (2) an alteration of LTP might be observed in ncx3 Ϫ/Ϫ hippocampal Schaffer collateral-CA1 synapses; and (3) ncx3 Ϫ/Ϫ mice exhibit a consequent alteration of spatial learning and memory performance.
To these aims, we measured [Ca 2ϩ ] i in primary cultures of hippocampal neurons by single-cell microfluorimetry, and examined basal transmission and synaptic plasticity in hippocampal slices from ncx3 Ϫ/Ϫ mice. In particular, the field EPSPs (fEPSPs) were recorded from the CA1 area of hippocampus in response to stimulation of Schaffer collateral fibers at increasing stimulus intensity. Then, we investigated the presynaptic role of NCX3 in neurotransmission through the paired-pulse facilitation (PPF), a transient enhancement of neurotransmitter release induced by two closely spaced stimuli. Furthermore, we compared the expression of CaMKII␣, a calcium-related protein mainly involved in CA1-dependent LTP, and the phosphoCaMKII␣/CaMKII␣ ratio in the hippocampus of ncx3 Ϫ/Ϫ mice to that of congenic ncx3 ϩ/ϩ mice.
Finally, the performance of ncx3 Ϫ/Ϫ mice was tested by several hippocampus-dependent learning and memory tasks, such as novel object recognition, Barnes' maze, and trace fear conditioning tests.
The results obtained in the present study indicate that NCX3 plays an essential role in LTP, and spatial learning and memory processes.
Materials and Methods

Experimental groups
NCX3 knock-out mice were generated by our research group as previously described (Sokolow et al., 2004) . Genetic background of ncx3 Ϫ/Ϫ and ncx3 ϩ/ϩ mice were obtained by backcrossing ncx3 Ϫ/Ϫ mice (Sv129) against C57BL/6 Charles River mice for 6 generations. ncx3 ϩ/ϩ and ncx3 Ϫ/Ϫ mice, aged 6 -8 weeks and weighing 27-30 g, were housed under diurnal lighting conditions. Experiments were performed on male mice according to the international guidelines for animal research and approved by the Animal Care Committee of "Federico II" University of Naples, Italy.
Primary hippocampal neurons cultures
Hippocampal neurons were prepared from brains of 14-d-old mouse embryos, plated on coverslips, and cultured in MEM/F12 (Invitrogen) containing glucose, 5% of deactivated fetal bovine serum, 5% horse serum (Invitrogen), glutamine (2 mM), penicillin (50 U/ml), and streptomycin (50 g/ml). Cytosine-␤-D-arabinofuranoside (10 M) was added within 48 h of plating to prevent the growth of non-neuronal cells. Neurons were cultured at 37°C in a humidified 5% CO 2 atmosphere and used after 7-10 d in vitro (DIV) (Carlucci et al., 2008) .
[Ca 2ϩ ] i measurement [Ca 2ϩ ] i was measured by single-cell computer-assisted video imaging in hippocampal neurons loaded with 10 M Fura-2 acetoxymethyl ester (Fura-2 AM) (EMD Biosciences; 30 min, room temperature) (Secondo et al., 2007) . At the end of the loading period, the coverslips were placed into a perfusion chamber (Medical Systems) mounted onto a Zeiss Axiovert 200 microscope connected with a digital imaging system composed of MicroMax 512BFT cooled CCD camera (Princeton Instruments), Lambda 10-2 filter wheeler (Sutter Instruments), and Meta-Morph/MetaFluor Imaging System software (Universal Imaging).
Fura-2 AM fluorescence intensity was measured every 3 s and [Ca 2ϩ ] i was calculated by a preloaded calibration curve obtained in preliminary experiments (Grynkiewicz et al., 1985) .
Electrophysiology
Whole-cell patch-clamp analysis. NCX currents (I NCX ) were recorded from ncx3 ϩ/ϩ and ncx3 Ϫ/Ϫ primary hippocampal neurons at 20Ϫ22°C by patch-clamp technique in whole-cell configuration using a commercially available amplifier (Molecular Devices) as previously described (Molinaro et al., 2008) . I NCX was recorded starting from a holding potential of Ϫ60 mV up to a short-step depolarization at ϩ60 mV (60 ms). Then, a descending voltage ramp from ϩ60 mV to Ϫ120 mV was applied. The current recorded in the descending portion of the ramp (from ϩ60 mV to Ϫ120 mV) was used to plot the current-voltage ( I-V) relation curve. The magnitude of I NCX was measured at the end of ϩ60 mV (reverse mode) and at the end of Ϫ120 mV (forward mode), respectively. The Ni 2ϩ -insensitive component was subtracted from total currents to isolate I NCX . In addition, the potassium, sodium and calcium currents were abolished by means of TEA (20 mM), TTX (50 nM) and nimodipine (10 M).
Extracellular recording in hippocampal CA1. Preparation of hippocampal slices was performed in accordance with the European Communities Council Directive (86/609/EEC). Vibratome-cut parasagittal slices (400 m) were prepared, incubated for 1 h and then transferred to a recording chamber submerged in a continuously flowing artificial CSF (30°C, 2-3 ml/min) gassed with 95% O 2 and 5% CO 2 . The composition of the control solution was (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl 2 , 1.2 NaH 2 PO 4 , 2.4 CaCl 2 , 11 glucose, 25 NaHCO 3 . fEPSPs were recorded in the stratum radiatum of the CA1 using glass microelectrodes (1-5 M⍀) filled with artificial CSF. Synaptic responses were evoked by stimulation of the Schaffer collateral/commissural pathway with a concentric bipolar stimulating electrode. Stimulus-response curves were constructed by using stimulus intensities from 0 to 50 mV at 5 mV increments. Responses were subsequently set to a level that yielded a slope value 30% of the maximal response. Baseline responses were obtained every 30 s. PPF was assessed using a succession of paired pulses separated by intervals of 20, 50, 100, 200, and 500 ms. An additional 30 min baseline period was obtained before attempting to induce LTP. LTP was induced by a highfrequency stimulation (HFS) protocol (1 train, 100 Hz, 1 s) and the effect of conditioning train was expressed as the mean (ϮSEM) percentage of baseline EPSP slopes measured at 60 min after stimulation protocol. Data were expressed as mean Ϯ SEM and assessed for significance using the Student's t test.
Protein expression analysis
Whole-cell protein extracts from adult hippocampus and from embryonic hippocampal and cortical neurons of ncx3 ϩ/ϩ and ncx3 Ϫ/Ϫ mice were obtained and processed as previously described (Molinaro et al., 2008) . Nitrocellulose-membranes were incubated with anti-NCX3 antibody (rabbit polyclonal, 1:2000, kindly provided by K. D. Philipson and D. A. Nicoll, University of California, Los Angeles, Los Angeles, CA) or anti-Phospho-CaM Kinase II␣ (mouse monoclonal, 1:1000, Thermo Scientific, Rockford, IL), or anti-CaM Kinase II␣ (rabbit polyclonal, 1:500, Thermo Scientific, Rockford, IL) or anti-␤-actin (mouse monoclonal, 1:1000, Sigma-Aldrich).
These nitrocellulose-membranes were first washed with 0.1% Tween 20, and then incubated with the corresponding secondary antibodies for 1 h (GE Healthcare Bio-Sciences). Immunoreactive bands were detected with electrochemiluminescence (GE Healthcare Bio-Sciences). The optical density of the bands (normalized with ␤-actin or CaMKII␣) was determined by Chemi-Doc Imaging System (Bio-Rad).
Immunohistochemistry and image analysis
For the morphological studies, mice were transcardially perfused with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, and fixed at 4°C. After cryoprotection and freezing, 20-m-thick cryosections at the level of the dorsal hippocampal formation were mounted on SuperFrost Plus slides and stored at Ϫ80°C.
Immunohistochemistry for CaMKII␣ protein was performed as follows: slides were rinsed in PBS and then incubated with a mouse mono-clonal anti-CaMKII␣ (1:100, Sigma, clone 6G9) in PBS overnight in agitation at ϩ4°C. To allow optimal homogeneous staining among slices, the HybriWell system was used (Sigma-Aldrich). After three rinses in PBS, sections were then incubated with anti-mouse biotinylated antibody (1:100, Vector Laboratories) for 1 h at room temperature in agitation, and the ABC MOM system (Vector Laboratories) was used to visualize the reaction product (prepared according the supplier's instructions). The reaction was visualized using DAB as chromogen. All staining and morphological analyses were blindly conducted. Slides were analyzed with a Zeiss Axioskop 20, equipped with a CCD high-resolution camera (Hamamatsu Photonics, C5405) and a motorized XYZ stage (ProScan II, Prior Scientific). To minimize potential aspecific signals in fluorescence emission and densitometric analysis, all brain sections from all animals were stained in only one session, at the same time with the same solutions and the same incubation times. Moreover, sections were acquired in the same session, randomizing the sequence of the acquisitions across brains. In addition, the laser of confocal microscope, for fluorescent imaging, and the lamp of the microscope, for immunohistochemistry, were always turned on at least 20 min before the use to achieve light stability. Moreover, to test the stability of the light, random sections were also acquired at the end of the acquisition session. The entire hippocampus was acquired using tiled fields from 10ϫ objective (MCID Elite; Imaging Research Inc.). Images were quantitatively analyzed as already described (Capowski, 1989) . At least 10 slices per brain were imaged for each staining technique.
CaMKII␣ expression levels were quantified in the pyramidal layer of the CA1 and CA3 regions and in the granules of the dentate gyrus (DG), as relative optical density units (ROD ϭ log [256/gray level]). ROD units, after background subtraction, are correlated to the antigen concentration (Burke et al., 1990) . Images were then represented using a pseudocolor scale.
Confocal imaging for NeuN and synaptophysin
Frozen hippocampal cryosections were incubated overnight at 4°C with a mixture of mouse anti-NeuN (1:100, Millipore), or rabbit anti-NCX3 (1:5000, kindly provided by Dr. D. A. Nicoll and K. D. Philipson) and mouse anti-PSD95 (1:500, Millipore). Separate sections were incubated with mouse anti-synaptophysin (1:1000, Millipore) a widely used marker for the quantification of synapse number. Primary antibodies were diluted in 10% normal serum in PBS and incubations were performed using the HybriWell system to ensure homogeneous staining (Sigma-Aldrich).
Slices were then washed in PBS and incubated at room temperature for 1 h, in a mixture containing two fluorescent secondary antibodies: antimouse IgG conjugated to CY2 (cyanine 2) (Jackson Laboratories) for anti-NeuN or for anti-PSD95 antibodies, anti-rabbit IgG conjugated to CY3 (Jackson Laboratories) for anti-NCX3 and for synaptophysin (Millipore), all of which were diluted 1:100 in PBS containing 10% albumin bovine serum. Subsequently, sections were first washed in PBS, then allowed to air dry and, finally, mounted in SlowFade antifade solution (Invitrogen) before coverslipping.
Slides were analyzed using the Zeiss LSM 512 argon/krypton laser scanning confocal microscope. The laser scanning confocal microscope was set to multitrack acquisition state to avoid fluorescence bleed from one fluorochrome to the other. The excitation/emission settings were as follows: 488 nm line of excitation of the argon/krypton laser and 505-550 nm emission filter for CY2, 543 nm line of excitation and emission, detected at 560 -615 nm, for CY3-labeled structures. Hippocampal regions and cell cultures were confocally captured using ϫ10, ϫ40, and ϫ100 objectives. Each optical section was filtered using a 4-times averaging filter to improve signal/noise ratio.
The color scheme was red for CY3-labeled structures, and green for CY2-labeled structures. After image acquisition, the signal intensity was quantified using NIH ImageJ software. To this aim, the average gray level corresponding to the soma of either granule cells was obtained subtracting the background signal.
For PSD-95 (postsynaptic density 95 protein) and NCX3 colocalization, immunofluorescent images were first thresholded to identify a positive signal; subsequently the pixels expressing both NCX3 and PSD-95 were identified using an AND operational command in NIH ImageJ. Finally the number of pixels positive for both NCX3 and PSD-95 were measured and expressed as percentage of total number of pixels positive for NCX3. Results form several images were then analyzed.
For the quantification of synapse number, synaptophysin immunosignal was used as a marker. To quantify the number of synaptophysinpositive puncta, images were first thresholded and subsequently the number of particles automatically counted using a specific NIH ImageJ function. Moreover, the total fluorescence intensity of synaptophysinpositive terminals was also measured in the same CA1 area of both ncx3 ϩ/ϩ and ncx3 Ϫ/Ϫ mice using NIH ImageJ.
Behavioral studies
At the age of 2 months mice were behaviorally tested. Experiments were performed during the light phase between 10:00 A.M. and 5:00 P.M. Exploratory behavior was acquired with a high definition digital camera and on-line videotracking was computed using a custom software written in Matlab environment.
Open-field exploration
The open field apparatus consisting of a transparent Plexiglas square arena (50 ϫ 50 cm, 40 cm high) was placed in a homogenously lit experimental room with several large-scale environmental visual cues. Briefly, mice were placed in the arena and were allowed to explore it for 5 min. Total traveled distance was measured using an automated tracking device. Moreover, the time spent by animals in three concentric areas was automatically measured as an index of anxious behavior (Kassed and Herkenham, 2004; Kazlauckas et al., 2005) . Since the probability to explore an area is proportional to the size of the area, the time spent in each area was also divided by the percentage size of the total area to obtain unbiased estimates.
At the end of the test, the number of fecal boluses was counted to evaluate anxious behavior. The same apparatus was also used for the object recognition task.
Delay-dependent one-trial object recognition task
Object features. Two different objects that differed in terms of height, color, shape, and surface texture were used. Both of them had sufficient weight to ensure that the mice could not displace them, had no ethological significance for the mice, and had never been paired with a reinforcer. Indeed, pilot studies have ensured that mice of the C57BL/6J genetic background strain cannot discriminate between objects and have no preference for one object over another (Ennaceur and Delacour, 1988; Dere et al., 2007) .
Procedure. Mice were subjected to two types of trials: a sample trial and a test trial. During the sample trial, which took place 1 d after exposure to the open field so as to allow the animals to habituate to the test apparatus, all mice were presented with the first pair of identical objects. Briefly, the animal was placed on one side of the open field, whereas, on the opposite side, two copies of the same objects were placed 10 cm from the two corners. After 5 min, the animal was removed from the open field and were returned to their home cage (Ennaceur and Delacour, 1988; Dere et al., 2007) .
During the trial phase, instead, ncx3 ϩ/ϩ and ncx3 Ϫ/Ϫ mice were tested for item recognition (5 min) 2 or 24 h after sample trial phase. The animal was again released into the open field, now containing two objects: the familiar one used during the sample trial and the novel object, which was randomly positioned (Ennaceur and Delacour, 1988; Dere et al., 2007) .
The time spent by each mouse in exploring the two objects was then recorded. Exploration of an object was assumed when the mouse approached an object, when touched it with either its vibrissae, snout, or forepaws. The percentage of time spent exploring the novel object, compared with the total time spent exploring both objects, was recorded and considered as a measure of object recognition: recognition index ϭ t novel / (t novel ϩ t familiar ) ϫ 100. Recognition index values Ͼ50 suggest a preference for the novel object, values close to 50 suggest no recognition, and values well below 50 suggest a preference for the familiar object (Ennaceur 
Trace fear conditioning
The trace fear conditioning procedure is a modified form of tone (delay) fear conditioning because it demands a "trace interval" between the unconditioned stimulus (US) and conditioned stimulus (CS). Unlike delay tone conditioning, the acquisition of trace fear conditioning is sensitive to hippocampal lesions (McEchron et al., 1998; Desmedt et al., 2003; Bangasser et al., 2006) and to genetic modifications of the hippocampus (Huerta et al., 2000; D'Adamo et al., 2002) . A fear-conditioning shock chamber (35 ϫ 23 cm, 19 cm height) containing a stainless steel rod floor (2.5 mm diameter, spaced 1 cm apart, Ugo Basile Inc.) and a high definition digital camera to monitor animal movements were used. The apparatus for on-line tracking and stimulus/shock delivery was controlled using a custom software developed in Matlab environment. Briefly, for the conditioning (Lu et al., 1997; Jeon et al., 2003) , mice were first placed in the fear-conditioning apparatus chamber for 5 min (habituation phase), and, then, a 15 s acoustic CS (1000 Hz, 80 dB) was delivered. The tone intensity and frequency, previously tested in C57BL/6J mice, did not evoke freezing before conditioning although short orienting reactions showed their ability to perceive the sound. After 15 s from the end of the acoustic stimulus, a 0.5 mA shock (0.8 s duration) of unconditioned stimulus was applied to the floor grid. This protocol was repeated for 5 times every 30 s (intertrial interval).
Context test of trace fear conditioning was measured 2 h after the conditioning procedure. Animals were tested for their context freezing response and afterward for their response to the tone in a different context. Context freezing response was measured placing the animals for 1 min in the same apparatus used for conditioning in absence of electrical or acoustical stimuli. Behavior was recorded with a digital camera and off-line analyzed for the freezing behavior, defined as complete absence of somatic movements except for respiratory movements.
To assess the tone test in trace fear conditioning, the animals were placed in a different context (novel chamber, odor, floor, and visual cues) 15 min after the context test, and their behavior was monitored for 3 min. All experimental groups were observed for 30 s before the tone (pre-CS) in the new context to verify baseline activity. Data showed no differences in baseline activity expressed as percentage of freezing time (ncx3 ϩ/ϩ , 6.61 Ϯ 3.5%; ncx3 Ϫ/Ϫ , 5.06 Ϯ 3.2%; p Ͼ 0.05). After 30 s of observation in the new context, animals were exposed to the tone for 1 min. Fear response was quantified by measuring the duration of freezing behavior by using a custom software. Freezing behavior was defined as a total lack of movement, apart from respiration, with a crouching position. In addition to freezing responses, the animals' locomotor activity was recorded by a video tracking system.
Barnes circular maze task
Apparatus. The behavioral apparatus used in this experiment consisted of a white circular platform (1.22 m diameter) elevated 40 cm above the floor, with 36 equally spaced holes (each 5 cm diameter) around the periphery (5 cm from the perimeter). Only one hole led to a dark escape box (5 cm ϫ 5 cm ϫ 11 cm) that was fixed in relation to the distal environmental cues and contained some dust-free sawdust bedding which was changed between trials. The platform surface was randomly rotated from trial to trial to prevent the use of local olfactory, visual, or tactile cues and was brightly illuminated from above. The illumination served as motivation to escape in the dark box (Bach et al., 1995; Seeger et al., 2004) .
Procedure. Mice were gently picked up from the tail and placed in the middle of the platform. The direction faced by the animals at the start position was random and changed from trial to trial. After 5 min, if the mice did not find the goal they were gently directed toward the correct hole, and allowed to descend into the escape box where they were left for 1 min (Bach et al., 1995; Seeger et al., 2004) .
On the following 5 d, test trials (one trial per day) were performed under identical conditions. Each trial ended when the mouse entered the goal tunnel or after a maximum time of 5 min. The amount of time it took the mice to enter the escape hole (escape latency) was recorded (Bach et al., 1995; Seeger et al., 2004) .
Statistical analysis
Values are expressed as means Ϯ SE. Statistical analysis was performed with Student's t test, Kruskal-Wallis test or two-way ANOVA followed by Dunnett's test. Statistical significance was accepted at the 95% confidence level ( p Ͻ 0.05). [Ca 2ϩ ] i levels during resting conditions were significantly higher in primary ncx3 Ϫ/Ϫ hippocampal neurons than in congenic ncx3 ϩ/ϩ (Fig. 1 A) . Moreover, the decline in [Ca 2ϩ ] i following 55 mM K ϩ -induced peak was significantly slower in ncx3 Ϫ/Ϫ hippocampal neurons than in ncx3 ϩ/ϩ , as shown by the higher values of the [Ca 2ϩ ] i decay constant in ncx3 Ϫ/Ϫ neurons ( ϭ 31 Ϯ 5 s), compared with that of congenic ncx3 ϩ/ϩ neurons ( ϭ 17 Ϯ 0.7 s) ( Fig. 1 B, C) . However, the lack of NCX3 did not affect peak values of [Ca 2ϩ ] i after stimulation with 55 mM K ϩ (Fig. 1 B) . Interestingly, the slower declining rate of [Ca 2ϩ ] i after 55 mM K ϩ -induced depolarization in NCX3 knock-out was much more evident when neurons were exposed to both oligomycin (1 M/20 min)-an ATP depletor-and thapsigargin (1 M), a smooth endoplasmic reticulum Ca 2ϩ -ATPase (SERCA) inhibitor (Fig.  1 D) . Indeed, the area under the curve of the [Ca 2ϩ ] i response to 55 mM K ϩ exposure was significantly higher for ncx3 Ϫ/Ϫ hippocampal neurons than for ncx3 ϩ/ϩ (Fig. 1 D, inset) .
Results
NCX3 genetic ablation increases basal [Ca 2؉ ] i and delays [Ca 2؉ ] i clearance in hippocampal neurons
In contrast, the release of Ca 2ϩ from the endoplasmic reticulum (ER), induced by the SERCA inhibitor, thapsigargin, was not affected by the lack of NCX3 in hippocampal neurons (Fig. 1 E) , thus demonstrating that, in resting conditions, NCX3 does not interfere with Ca 2ϩ storage in the ER.
NCX3 knocking-down reduces I NCX in primary hippocampal neurons NCX activity was assessed in primary hippocampal neurons from ncx3 ϩ/ϩ and ncx3 Ϫ/Ϫ mice by patchclamp technique in whole-cell configuration using the ramp protocol (see Materials and Methods). I NCX , recorded in both forward and reverse modes of operation by the whole-cell patch-clamp technique, was significantly lower in primary hippocampal neurons obtained from ncx3 Ϫ/Ϫ mice than in those obtained from congenic ncx3 ϩ/ϩ (Fig. 2 A, B) . Western blot analysis showed that NCX3 protein expression was undetectable in embryonic neurons obtained from ncx3 Ϫ/Ϫ mice (Fig. 2C ).
NCX3 disruption impairs basalsynaptic transmission and LTP in the hippocampus
To establish basal synaptic function in ncx3 Ϫ/Ϫ mice, we generated input/output (I/O) curves by measuring fEPSPs elicited in the CA1 region by stimulation of the Schaffer collaterals at increasing stimulus intensities. As shown in Figure 3A , 2-month-old ncx3 Ϫ/Ϫ mice had significantly reduced maximum fEPSPs compared with ncx3 ϩ/ϩ mice, particularly when the presynaptic afferents were stimulated at higher intensities. Accordingly, the slopes of the input/output plots were reduced from 1.25 Ϯ 0.04 V ⅐ s Ϫ1 ⅐ mV Ϫ1 (n ϭ 15 slices from 10 animals) in the ncx3 ϩ/ϩ to 0.92 Ϯ 0.05 V ⅐ s Ϫ1 ⅐ mV Ϫ1 in the ncx3 Ϫ/Ϫ mice (n ϭ 9 slices from 7 animals, Student's t test, p Ͻ 0.01; Fig. 3A) . These results imply that the decline in fast glutamatergic transmission was exacerbated in the absence of the NCX3 isoform. We then investigated PPF, a measure of short-term plasticity. The mechanisms underlying PPF are thought to be presynaptic (Zucker and Regehr, 2002) and probably involve residual Ca 2ϩ in the nerve terminal after the first stimulus, a phenomenon that enhances neurotransmitter release during the second stimulus. No differences in the paired-pulse ratio between the two groups were observed ( p Ͼ 0.5 at all interpulse intervals; Fig. 3B ). Interestingly, we observed a significant decrease in the magnitude of LTP in ncx3 Ϫ/Ϫ animals, compared with congenic control mice. Synaptic potentiation, measured 60 min after application of HFS, was 61 Ϯ 4% above baseline (n ϭ 6) in control but only 21 Ϯ 10% (n ϭ 8) in mutant slices ( p Ͻ 0.05; Fig. 3C ).
CaMKII␣ expression is reduced in the CA1 region of the hippocampus where NCX3 colocalized with the postsynaptic marker PSD-95
The immunofluorescence analysis of the overall morphology of the hippocampal regions, performed with the neuronal marker NeuN in the CA1, CA2 and dentate gyrus subfields, did not show any significant morphological abnormalities of the hippocampus in either ncx3 Ϫ/Ϫ or ncx3 ϩ/ϩ experimental mice (Fig. 4 A) . In fact, immunofluorescence quantification of hippocampal NeuN expression revealed no significant differences between the two experimental groups (Fig. 4 B) .
Moreover, the quantification of synapse number in CA1 region, using synaptophysin as marker, revealed no differences between ncx3 ϩ/ϩ and ncx3 Ϫ/Ϫ mice (Fig. 4C,D) . Accordingly, the total fluorescence intensity of synaptophysin in CA1 region of ncx3 Ϫ/Ϫ mice was not significantly different from that of ncx3 ϩ/ϩ mice (Fig. 4 E) . A, Input/output curves for ncx3 Ϫ/Ϫ and congenic wild-type mice measured by plotting the fEPSP slopes and their corresponding presynaptic fiber volley amplitudes at increasing stimulus strengths. Basal synaptic transmission was impaired in NCX3 knock-out mice compared with wild-type littermates (n ϭ 9 slices from 7 animals, Student's t test, p Ͻ 0.01). Each data point is the mean of two recordings. B, Paired-pulse (PP) facilitation between the two experimental groups ( p Ͼ 0.1 for all comparisons). The facilitation ratio (slope of second EPSP/slope of first EPSP) was plotted as a function of interpulse intervals of 20, 50, 100, 200, and 500 ms. For each group, the mean Ϯ SEM is indicated. C, Superimposed pooled data showing the normalized changes in field potential slope (ϮSEM) induced by HFS in ncx3 Ϫ/Ϫ (n ϭ 8) and congenic ncx3 ϩ/ϩ mice (n ϭ 6). fEPSP slopes were recorded and were expressed as the percentage of the pretetanus baseline. Representative fEPSPs traces before and 60 min after the induction of LTP are shown. Calibration bars, 0.5 mV, 10 ms.
On the other hand, staining of ncx3 Ϫ/Ϫ hippocampus slices did reveal that CaMKII␣ expression, the main protein of the postsynaptic density at excitatory synapses, was significantly reduced by 27% in the CA1 region compared with the CA1 of congenic ncx3 ϩ/ϩ (ncx3 ϩ/ϩ n ϭ 5; ncx3 Ϫ/Ϫ n ϭ 7; p Ͻ 0.05). However, no changes in CaMKII␣ expression were detected in the CA3 and DG regions (Fig. 5A,B) . Furthermore, phosphorylated form of CaMKII␣ was reduced in hippocampus from ncx3 Ϫ/Ϫ mice compared with ncx3 ϩ/ϩ (49 Ϯ 10% in ncx3 Ϫ/Ϫ vs 100 Ϯ 17% in ncx3 ϩ/ϩ ; p Ͻ 0.05) (Fig.  5C,D) . In addition, the ratio between the phosphorylated form of CaMKII␣ and total CaMKII␣ was significantly reduced in ncx3 Ϫ/Ϫ compared with ncx3 ϩ/ϩ mice (27 Ϯ 3% in ncx3 Ϫ/Ϫ vs 100 Ϯ 21% in ncx3 ϩ/ϩ ; p Ͻ 0.05) (Fig. 5C,E) .
Confocal double immunofluorescence experiments performed in CA1 region with both NCX3 antibodies and the postsynaptic marker PSD-95 revealed that the percentage of colocalization between NCX3 and PSD-95positive signals, expressed as the ratio between NCX3ϩ PDS95/NCX3 and NCX3Ϫ PDS95/NCX3 pixels, was 20.4 Ϯ 4.6% (Fig. 6 ).
ncx3 ؊/؊ mice display a decreased performance in novel object recognition, fear conditioning, and spatial learning and memory Open-field exploration ncx3 Ϫ/Ϫ mice 6 -8 weeks old did not differ significantly from congenic ncx3 ϩ/ϩ animals in overall health and appearance, body weight, and core body temperature. Moreover, no apparent alterations in the spontaneous behavior of ncx3 Ϫ/Ϫ mice were evident in the home cage.
To examine spontaneous locomotor activity and response to a novel environment, ncx3 ϩ/ϩ and ncx3 Ϫ/Ϫ mice were assayed in an open field test. These studies showed that NCX3 mutant mice did not differ from control animals in their locomotor and exploratory behavior (distance traveled in 5 min: ncx3 ϩ/ϩ , 2592 Ϯ 251 cm, n ϭ 9; ncx3 Ϫ/Ϫ , 2467 Ϯ 136 cm, n ϭ 14) (Fig. 7A) .
To study whether the lack of NCX3 affected anxiety related behavior, the time spent by animals in the center of the arena was compared with that spent in the region close to the walls. As this time is related to the size of the central region considered, we evaluated the exploration time in three concentric rectangular regions having a perimeter equivalent to 3/4, 1/2, and 1/4 of the original arena (Fig. 7C) . The time spent by ncx3 Ϫ/Ϫ mice in the three concentric regions did not differ significantly from the time spent by the congenic ncx3 ϩ/ϩ animals (Fig. 7B) . Moreover, the defecation score was not significantly different between the two groups (ncx3 ϩ/ϩ , 2 boluses, n ϭ 9; ncx3 Ϫ/Ϫ , 0.92, n ϭ 14; p Ͼ 0.05 Kruskal-Wallis test), thus suggesting that the lack of NCX3 does not alter anxious behavior.
One-trial object recognition task
The amount of time spent with the novel object compared with the total time spent exploring both objects represents an index of long-term memory. During training, animals showed no preference for one object over another and there was no difference between ncx3 ϩ/ϩ and ncx3 Ϫ/Ϫ mice in the exploration time, suggesting that the experimental groups were on average equally motivated to explore objects ( Fig. 8 A) . However, when presented with a novel object, ncx3 ϩ/ϩ animals showed a preference for the new one after 2 or 24 h of retention (n ϭ 8 and 7, respectively). In contrast, ncx3 Ϫ/Ϫ mice showed a significant lower preference for novel objects when compared ncx3 ϩ/ϩ mice (Fig. 8 B) .
Trace Fear Conditioning When exposed to the context, ncx3 Ϫ/Ϫ mice showed a reduced freezing response compared with ncx3 ϩ/ϩ mice (ncx3 Ϫ/Ϫ , 18.9 Ϯ 6.2%, n ϭ 8; ncx3 ϩ/ϩ , 45.8 Ϯ 11.2%, n ϭ 6; p Ͻ 0.05 one-tailed Student's t test for nonpaired data). Similar results were obtained when exposed to tone test, ncx3 Ϫ/Ϫ mice showed a reduced freezing response compared with ncx3 ϩ/ϩ mice (ncx3 Ϫ/Ϫ , 8.8 Ϯ 2.2%, n ϭ 8; ncx3 ϩ/ϩ , 25.3 Ϯ 6.7%, n ϭ 6, p Ͻ 0.05 one-tailed Student's t test for nonpaired data). The trace fear conditioning assay is a Pavlovian form of learning which requires the integrity of the hippocampus. In tone test, ncx3 ϩ/ϩ (n ϭ 7) and ncx3 Ϫ/Ϫ (n ϭ 6) mice showed different durations of freezing response when exposed to the tone stimulus in a new chamber 2 h after the conditioning. Results showed that ncx3 Ϫ/Ϫ mice have an impaired fear memory compared with congenic ncx3 ϩ/ϩ mice (Fig. 8 E) .
Barnes circular maze task
The learning and memory performance of ncx3 ϩ/ϩ and ncx3 Ϫ/Ϫ mice was also evaluated by means of the Barnes circular maze test, a hippocampus-dependent cognitive task that requires spatial reference memory (Barnes, 1979 (Barnes, , 1988 Bach et al., 1995) . Congenic ncx3 ϩ/ϩ mice after the third day showed a significant reduction in the escape latency which progressively decreased until the sixth day (Fig. 8 D) . In contrast, ncx3 Ϫ/Ϫ (n ϭ 21) mice did not show any significant changes in escape latencies after the third day and until the sixth day. These escape latencies values were significantly higher at days 4 -6 in ncx3 Ϫ/Ϫ mice than those observed in congenic ncx3 ϩ/ϩ (Fig. 8D) . These results showed that mice lacking ncx3 alleles did not learn to locate the escape hole dur-ing the period of observation (days 1-6), thus suggesting an impairment of the spatial learning and memory performance.
Discussion
The results of the present study demonstrate that NCX3 gene ablation, by delaying [Ca 2ϩ ] i clearance after neuronal activation, decreases the magnitude of LTP at hippocampal Schaffer collateral-CA1 synapse level, without affecting short-term plasticity. In accordance with these electrophysiological data, NCX3 knock-out mice showed a significant reduction in hippocampusdependent spatial-learning and memory performance.
The impairment of LTP in the CA1 subregion could be due to a dysregulation of [Ca 2ϩ ] i homeostasis elicited by the reduction of NCX currents in the forward mode of operation after the ge- netic ablation of ncx3 gene. This hypothesis is supported by the increased level of [Ca 2ϩ ] i observed in resting conditions and the impaired clearance of [Ca 2ϩ ] i following neuronal depolarization in ncx3 Ϫ/Ϫ hippocampal neurons. Consistent with our findings is that in the hippocampus, the inhibition of NCX3 transcription, obtained in transgenic mice by overexpressing a constitutive active mutant of the NCX3 repressor, named DREAM (downstream regulatory element antagonist modulator), induces an increased level of [Ca 2ϩ ] i (Gomez-Villafuertes et al., 2005), a reduction in basal synaptic transmission, and a reduction in LTD (Wu et al., 2010) . Conversely, knock-out mice of the NCX3 transcriptional repressor DREAM display enhanced learning and memory performance (Fontán-Lozano et al., 2009) . Interestingly, CaMKII␣ expression was significantly reduced in the CA1 area of ncx3 Ϫ/Ϫ mice. This alteration does not seem to be ascribed to changes in the number of neurons or of synapses, since NeuN-positive neurons and synaptophysin-positive puncta were not changed in ncx3 Ϫ/Ϫ mice. Moreover, the ratio between the phosphorylated form of CaMKII␣ and the total CaMKII␣ was significantly reduced. This reduction in knock-out mice may also explain LTP impairment at hippocampal Schaffer collateral-CA1 synapses. In fact, pharmacological data and transgenic mice studies support the idea that CaMKII␣ has a crucial role in the CA1 area for LTP at postsynaptic level. Indeed, the use of specific pharmacological inhibitors of the enzyme in the CA1 area or the genetic deletion of CaMKII␣ impairs LTP and, consequently, hippocampus-dependent spatial-learning and memory (Silva et al., 1992a,b) . Moreover, LTP was reduced in ncx3 Ϫ/Ϫ mice, as demonstrated by the reduction of the fEPSP slope from the CA1 area of the hippocampus in response to stimulation of Schaffer collateral fibers. In addition, ncx3 Ϫ/Ϫ hippocampal slices showed a reduced basal synaptic transmission as demonstrated by the reduced maximum fEPSP slope. The reduction of this latter phenomenon cannot be related, at the present time, with the reduction of CaMKII␣ activity and LTP, as it might also depend on other mechanisms such as the organization and number of dendritic spines, the activity of excitatory amino acid receptor and ryanodine receptor. Altogether these results, along with the experimental data on paired pulse facilitation, which excluded possible alterations in neurotransmitter release, suggest that NCX3KO-induced LTP derangement occurred predominantly at postsynaptic level. In fact, morphological data obtained in the present paper show that at least 20% of the whole NCX3 staining colocalized in the CA1 subfield with PSD-95, a postsynaptic marker.
Another aspect that should be analyzed is the relationship among the elevated basal level of [Ca 2ϩ ] i in hippocampal neurons, the reduction of the expression and the activity of CaMKII␣ in the hippocampus, and the consequent impairment of LTP observed in ncx3 Ϫ/Ϫ mice. Interestingly, Lisman (2001) proposed that different levels of [Ca 2ϩ ] i may produce opposite effects on CaMKII␣ activation. In particular, a moderate elevation of [Ca 2ϩ ] i activates a phosphatase cascade with a dephosphorylation of CaMKII␣ and with a reduction of its activity (Lisman, 2001) . By contrast, when higher [Ca 2ϩ ] i elevation occurs, as during LTP induction, the phosphatase cascade is inhibited and CaMKII␣ is phosphorylated thus increasing its activity. It is likely that the knock-out of NCX3 in hippocampal neurons provokes a moderate elevation of [Ca 2ϩ ] i in resting conditions that, in turn, might activate the phosphatase cascade with a consequent decrease in the phosphorylated form of Figure 7 . Locomotor activity and anxiety levels in ncx3 ϩ/ϩ and ncx3 Ϫ/Ϫ mice. A, Locomotor activity of NCX3 knock-out versus congenic wild-type mice in the open field test. Total traveled distance was measured using an automated tracking device. The distance traveled in 5 min was the following: ncx3 ϩ/ϩ , 2592 Ϯ 251 cm, n ϭ 9; ncx3 Ϫ/Ϫ , 2467 Ϯ 136 cm, n ϭ 14. B, Quantification of the time spent by animals in three concentric areas measured as anxious behavior test of NCX3 knock-out mice versus congenic wild-type mice. (ncx3 ϩ/ϩ , n ϭ 9; ncx3 Ϫ/Ϫ , n ϭ 14). C, Representative subdivision of the cage apparatus used in the open field test (left) and two representative drawings of the automated tracking system of congenic wild-type (center) and NCX3 knock-out (right) mice.
Figure 8.
Hippocampal-dependent long-term memory test measured in NCX3 ϩ/ϩ and NCX Ϫ/Ϫ mice. A, Percentage of preference between two objects in the training phase of the novel object test performed in NCX3 knock-out and congenic wild-type mice. B, Percentage of preference in the trial phase of the novel object recognition test 2 and 24 h after the training phase (2 h, n ϭ 8 for each group; 24 h, n ϭ 7 for each group). *p Ͻ 0.05 versus wild-type mice. Dashed line indicates equal exploration time spent for all objects. C, Results of NCX3 Ϫ/Ϫ and congenic NCX3 ϩ/ϩ mice subjected to Barnes maze test during6doftraining as revealed by two-way ANOVA with repeated measures across training days, and as assessed by one-way Dunnett's test for repeated comparisons (n ϭ 21 for each group). *p Ͻ 0.05. D, Schematic representation of the temporal relationship between the CS and US for a single trial. The trace interval ensures that the task is sensitive to hippocampal function (Bangasser et al., 2006) . E, Percentage of total time spent in the freeze status when NCX3 Ϫ/Ϫ and congenic NCX3 ϩ/ϩ mice were exposed to context or tone test.
CaMKII␣ versus the total CaMKII␣, as Western blot analysis revealed. Therefore, ncx3 Ϫ/Ϫ hippocampal neurons could have a decreased levels of the activated form of CaMKII␣ with a consequent impairment of LTP and a decreased performance in spatial learning and memory. Indeed, the observations emerging from the three different hippocampus-dependent tasks used in this study, such as novel object recognition, Barnes maze, and fear conditioning tests, demonstrated that NCX3 genetic disruption impairs LTP without interfering with anxiety levels.
At variance with the results of the present study, Jeon et al. (2003) recently demonstrated that mice lacking the other isoform of the exchanger, NCX2, display an enhancement of synaptic plasticity at the presynaptic level, since both PPF and post-tetanic potentiation are enhanced. Furthermore, the reinforcement of LTP in mice lacking NCX2 is accompanied by an improvement in learning and memory performance.
Although the opposite roles played by NCX2 and NCX3 in LTP modulation, learning and memory processes cannot be explained on the basis of the present knowledge, several evidences might help to explain such differences. First, NCX2 is the only isoform of the exchanger that is present in the membrane of synaptic vesicles (Takamori et al., 2006) . Second, unlike ncx2 Ϫ/Ϫ neurons, hippocampal neurons of mice lacking NCX3 have higher levels of [Ca 2ϩ ] i than ncx3 ϩ/ϩ in resting conditions. Third, ncx3 Ϫ/Ϫ mice show a decreased basal synaptic transmission, whereas this phenomenon does not occur in ncx2 Ϫ/Ϫ mice. Finally, in mice lacking NCX3 the impairment of LTP seems to occur mainly at the postsynaptic level, whereas in ncx2 Ϫ/Ϫ mice, LTP is mostly modulated at the presynaptic level.
Therefore, further studies on the subcellular localization and function of the three isoforms of NCX are required to clarify the differential roles of NCX2 and NCX3 in the regulation of LTP.
The significant role of NCX3 in the hippocampal spatial learning and memory processes, emerged from the present study, may open new experimental avenues for the development of effective therapeutic compounds that, by selectively activating this molecular target, could treat patients affected by cognitive impairment including Alzheimer's, Parkinson's, Huntington's diseases and infarct dementia. Until now, no activators of NCX3 isoform are available. However since several inhibitors have been synthesized in the last few years, these compounds could be used as scaffold molecules for the development of selective NCX3 activators able to improve learning and memory deficits.
